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tion, analysis and synthesis. At fi rst glance, the sheer va-
riety of taxa, lifestyles, photoperiodic responses and, last 
but not least, experimental designs is so wide that draw-
ing any generalizations seems challenging. Furthermore, 
it has long been noted that the rate-controlling effect of 
photoperiod may depend on other factors, especially tem-
perature. The difference may be merely quantitative such 
that a particular photoperiod exerts a strong effect at one 
temperature and little or no effect at another (Vinogradova, 
1960; Ingram & Jenner, 1976), but sometimes there is a 
reversal of photoperiodic effect at high temperatures rela-
tive to that in cooler conditions, e.g., acceleration versus 
retardation (Geispitz et al., 1971; Goryshin & Akhmedov, 
1971; Lopatina et al., 2007). Due to the growing appre-
ciation of the role of reaction norms in adaptive evolution 
(Schlichting & Pigliucci, 1998; Murren et al., 2014; Kivelä 
et al., 2015), these photoperiod-temperature interactions 
are currently interpreted as photoperiodic plasticity of ther-
mal reaction norms for growth and development (Gotthard 
et al., 1999; Lopatina et al., 2007; Kutcherov et al., 2015). 
However, studies on insect growth and development at 
several combinations of temperature and photoperiod have 
also produced a patchwork of examples with nearly as 
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Abstract. Growth and development rates in many insects are affected by photoperiod, which enables insects to synchronize 
their life histories with seasonal events, but this aspect of insect photoperiodism remains understudied. Here we use several 
experimental combinations of constant day length and temperature to determine whether there are quantitative developmental 
responses to photoperiod in the bug Scantius aegyptius and leaf beetle Timarcha tenebricosa. The thermal ecology of these two 
species is strikingly different: the former is thermophilic and active throughout summer and the latter is spring-active and avoids 
the hottest time of the year. In accordance with their contrasting natural thermal environments, S. aegyptius survives better and 
achieves a larger fi nal body mass at the high experimental temperatures, while T. tenebricosa survives better and is heavier at 
the low experimental temperatures. Despite this polarity, long-day conditions accelerate larval development relative to a short-
day photoperiod in both species, and this developmental response is stronger at low temperatures. Our re-visitation of previous 
literature in light of the new fi ndings indicates that this similarity in photoperiodic response is superfi cial and that relatively faster 
development in midsummer is likely to have a different ecological role in summer- and spring-active species. In the former, it may 
allow completion of an additional generation during the favourable season, whereas in the latter, this acceleration likely ensures 
that the larval stage, which is vulnerable to heat, is completed before the onset of hot weather.
INTRODUCTION
The lengths of night and day increase and decrease dur-
ing the course of a year with the same, astronomically pre-
cise and nearly invariable pattern. This is why many organ-
isms use photoperiod as a reliable seasonal cue and adjust 
their metabolism and behaviour so as to remain in synchro-
nization with the external environment (Danilevskii, 1965; 
Beck, 1980; Bradshaw & Holzapfel, 2007; Saunders, 
2008; Goto & Numata, 2014). Photoperiodic responses are 
diverse. Many of them are dramatic, such as seasonal mi-
grations and dormancy, and have been extensively stud-
ied (Nelson et al., 2010). By contrast, the photoperiodic 
plasticity of continuously varying traits is subtle and has 
received limited attention. The infl uence of photoperiod on 
the rates of growth and development belongs to the latter 
category: despite the vast number of documented cases, no 
theory exists to encompass the diversity of these responses.
Evidence for the photoperiodic control of insect growth 
and developmental rates remained scattered in literature 
until a list of case studies was fi rst compiled by Beck 
(1980) and then revised and substantially expanded by 
Danks (1987). Over the next three decades, numerous 
experimental studies were added that yet await compila-
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Great Britain. Beetles mate from spring to autumn, and females 
lay eggs in soil. In some populations, continuous reproduction 
is interrupted by summer aestivation. Embryogenesis proceeds 
until the larva is formed, which spends the winter in obligatory 
diapause inside the eggshell and hatches early in spring. Larvae 
pass through three instars, pupate in soil, and adults emerge the 
same year. The earliest of the new generation of beetles can repro-
duce before overwintering but mating and oviposition are subse-
quently suppressed by short-day photoperiods and low tempera-
tures in autumn. Adults that emerge later in the season experience 
diapause-inducing conditions from the start and delay reproduc-
tion until the following spring. Beetles overwinter under various 
shelters and in soil. Thus, the whole life cycle from egg to egg 
lasts between one and two years.
Collection and maintenance of parental individuals
Larvae and adults of S. aegyptius were collected in mid-August 
2013 in Protaras, Cyprus (35°1´N, 34°1´E) and in early Novem-
ber 2013 in Tel Aviv, Israel (32°4´N, 34°50´E). The bugs (about 
20 individuals from each population) were transported by air to 
St. Petersburg, Russia, where they were maintained in the labora-
tory in half-liter plastic containers with a paper lined bottom and 
pieces of accordion-folded paper as shelter. The bugs were sup-
plied with food (fruit of hollyhock Alcea rosea and linden Tilia 
platyphyllos) and water (Eppendorf tubes fi lled with water and 
plugged with cotton wool), which were replenished as needed. 
The containers were kept in an environmental chamber at a tem-
perature of 25°C and under a 12L : 12D photoperiod. The larvae 
and adults were allowed to complete development and accumu-
late reserves for overwintering. Then the rearing temperature was 
gradually decreased, and the bugs were transferred to a cool room 
with a temperature of 4°C where they were stored until late Janu-
ary 2014 when the experiment began.
Three males and six females of T. tenebricosa were collected 
on the 26th and 28th of April 2016 in the oak forest understory 
on the southern slope of Demirci Mountain in Crimea (44°31´N, 
34°9´E). The insects were transported by air to the laboratory 
in St. Petersburg and kept throughout the summer in two 1-liter 
plastic containers with fresh bedstraw Galium mollugo on top of 
a 1-cm layer of moistened sawdust. Dead tree twigs were also put 
in the containers to prevent the bedstraw from compacting and 
to increase the space available to beetles. The containers were 
kept in an environmental chamber where temperature fl uctuated 
between 20 and 24°C and photoperiod was fi rst increased from 
15L : 9D in May to 16L : 8D in June and then gradually decreased 
over the period July to August to 12L : 12D in September. The 
sawdust was checked daily for the presence of newly laid eggs 
and the bedstraw was changed as necessary. Groups of 3–10 eggs 
collected on the same day were transferred into 4 cm3 plastic cups 
fi lled with moist sawdust and incubated in darkness at 17°C for 
55 days, after which they were passed through a series of decreas-
ing temperatures and then kept in a cool room at 4°C until late 
January 2017 when the experiment was started. In total, the six 
females laid 511 eggs, 318 of which hatched after the simulated 
overwintering.
Experimental procedures
Pairs of overwintered S. aegyptius (a female and a male) 
were kept in plastic Petri dishes (60 mm in diameter) in an en-
vironmental chamber at 22°C under a long-day photoperiod of 
16L : 8D. Bugs were fed with fruit of hollyhock and linden. Water 
was provided in Eppendorf tubes stoppered with a cotton wool 
plug. Eggs were collected daily and transferred to small plastic 
Petri dishes (40 mm in diameter) which were kept in larger dishes 
(100 mm in diameter) on a layer of damp cotton wool to pre-
many patterns of photoperiodic plasticity as species stud-
ied (Kutcherov et al., 2011; Lopatina et al., 2011).
Despite the complications outlined above, the ability to 
predict the pattern of photoperiodic plasticity would be a 
signifi cant improvement to the existing phenological mod-
els for economically important species. More research 
on insects from different thermal environments would be 
needed before any regularities become discernible in the 
diverse effects of photoperiod on growth and development. 
Thus, we are conducting a long-term study during which 
various insect species are being tested under common-
garden conditions for their simultaneous responses to con-
stant temperatures and photoperiods. This communication 
presents the results of our experiments with two species 
of insects that are adapted to contrasting thermal environ-
ments and yet turn out to have intriguingly convergent de-
velopmental responses to photoperiod in the non-stressful 
temperature range. We did not have any particular hypoth-
esis regarding the response because, given the plethora of 
published research, virtually any kind of response could be 
expected a priori and backed up a posteriori. However, the 
similarity of the responses in these two species of insects 
motivated us to revisit previously published evidence, and 
at least some pieces of this life-history puzzle eventually 
fi tted together, forming a ground for hypothesis-driven re-
search in the future.
MATERIALS AND METHODS
Study species
The experiments were carried out with two taxonomically un-
related and ecologically dissimilar insect species: the true bug 
Scantius aegyptius (Linnaeus, 1758) (Hemiptera: Pyrrhocoridae) 
and the leaf beetle Timarcha tenebricosa (Fabricius, 1775) (Co-
leo ptera: Chrysomelidae). Both these species occur in the east-
ernmost parts of the Mediterranean region, broadly defi ned here 
as the area around the Black and Levantine Seas with a subtropi-
cal climate.
Scantius aegyptius is a fl ightless, soil surface-dwelling bug dis-
tributed from the Canary Islands to the Caucasus and Central Asia 
and recently introduced to California (Pluot, 1978; Carapezza et 
al., 1999; Bryant, 2009). It feeds on the seeds of Malvaceae and 
other plants as well as on small insects (Puchkov, 1974; Bryant, 
2009; Krajicek et al., 2016). The bug spends the winter in the 
adult stage, hiding in crevices in soil and rock, under bark and 
in buildings (Puchkov, 1974). In Crimea, S. aegyptius females 
start egg-laying in the second half of May and the new generation 
adults reproduce in July (Puchkov, 1974). The species is either 
univoltine or bivoltine in France (Pluot, 1978) but seems to be 
multivoltine in northern Egypt where larvae are encountered all 
year round (El Shazly, 1993).
Timarcha tenebricosa is a fl ightless herbivorous beetle that 
occurs widely throughout the warmer regions in Europe, from 
Portugal and the shores of the English Channel to the southeast 
of the European part of Russia (Bechyně, 1945; Kuzovenko et al., 
2015). Larvae and adults feed openly on the leaves and stems of 
Galium spp. (Jolivet & Petitpierre, 1973). The life cycle of T. ten-
ebricosa is somewhat complicated and involves obligatory em-
bryonic diapause and two types of facultative imaginal diapause 
(in summer and autumn). The following short account is based 
on the extensive observations and experiments of Jolivet (1972) 
and Chevin (1985, 1994) in France and those of Cox (1994) in 
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vent desiccation. Clutches, comprised of from 6 to 52 eggs, were 
mixed to minimize possible noise created by interfamilial varia-
tion. Groups of 15 to 20 eggs derived from this common pool 
were then randomized among ten experimental regimens: fi ve 
constant temperatures (20, 22, 24, 26 and 28°C) and two photope-
riods (short-day 10L : 14D and long-day 16L : 8D), one chamber 
per treatment. Hatching was recorded daily. As hatchlings in each 
group emerged synchronously, all eggs that remained after mass 
emergence were considered non-viable. Larvae were transferred 
to 90 mm Petri dishes on the day of hatching and to 250 ml con-
tainers after moulting to the third instar. Larvae were supplied 
with food and water in the same manner as the adults. Newly 
emerged adults were recorded daily and weighed using the Gos-
metr VL-210 digital analytical balance with 0.1 mg precision.
Post diapause eggs of T. tenebricosa were monitored daily, and 
on the day of hatching each larva was randomly allocated to one 
of eight experimental regimens: four temperatures (14, 18, 22 and 
26°C) and two photoperiods (short-day 12L : 12D and long-day 
16L : 8D). Larvae were kept individually in 4 cm3 plastic cups 
with ventilation holes in the plug and a layer of coconut substrate, 
which served both as a source of moisture and a substitute for 
soil. Soon after moulting to the third (fi nal) instar, each larva was 
transferred to a 250 ml container, also with a coconut substrate on 
the bottom. Larvae were fed ad libitum with freshly cut indoor-
grown G. mollugo until they dug into the substrate and built a 
pupation chamber. Prepupae and pupae were monitored daily, 
and interstadial moults were recorded. Adults were weighed on 
an Ohaus electronic balance (0.01 mg precision) the day after 
eclosion when their integument had hardened.
Temperature in the environmental chambers was maintained 
at ± 0.1–0.5°C using a software-controlled balance of heating 
and cooling (RLDataView 1.03; Research Laboratory of Design 
Automation, Taganrog, Russia) and was automatically recorded 
every 10 s. Actual rearing temperatures deviated slightly from the 
set values and are given in Tables 1 and 2. The chosen long-day 
photoperiod of 16L : 8D approximately corresponds to midsum-
mer day length (including civil twilight) at the collection sites, 
whereas the short-day photoperiod for S. aegyptius had a shorter 
photophase than that for T. tenebricosa because the former spe-
cies experiences a broader range of day lengths in nature.
Statistical analyses
In all analyses, temperature was treated as a continuous pre-
dictor and photoperiod as a categorical predictor. The infl uence 
of temperature and photoperiod on survivorship was tested using 
generalized linear models (GLM) with a logit link and binomial 
error structure. For illustration purposes, survival rates were ex-
pressed as a percentage of individuals successfully completing a 
given stage ± binomial SE.
The duration (D) of each immature stage (eggs and larvae in S. 
aegyptius; larvae and pupae in T. tenebricosa) was transformed 
into a rate (R = 1/D), and temperature-dependent development 
was described assuming a linear regression between the mean 
rate of development (R) and temperature (T): R = a + bT (Camp-
bell et al., 1974). The sum of degree-days (SDD) was calculated 
as 1/b, and the lower temperature threshold (LTT) as –a/b. The 
standard error of the slope (coeffi cient b) was estimated accord-
ing to Sokal & Rohlf (1995: pp. 484–485). The standard error of 
the LTT was obtained from the approximate formula proposed by 
Campbell et al. (1974).
A preliminary inspection of developmental data showed that, 
similarly to developmental rate, body mass also changed mono-
tonically with temperature, and so the simultaneous effect of 
temperature and photoperiod on these traits was tested using 
ANCOVA with a prior test for equality of slopes. To improve 
homogeneity of variances and normality of residuals, individual 
values of developmental rate (multiplied by 100) and adult body 
mass were natural log-transformed. Data obtained for S. aegyp-
tius from Cyprus and Israel were pooled because there were no 
signifi cant differences in the responses to temperature and pho-
toperiod between these two populations. Statistical procedures 
were conducted in Statistica 7.1 (© StatSoft, Inc., 1984–2006, 
Tulsa, OK, USA).
RESULTS
Survivorship
Eggs of the bug S. aegyptius had similar hatchability 
between 20 and 28°C under both photoperiodic regimens 
(temperature: Wald’s χ21,1620 = 0.01; photoperiod: Wald’s 
χ21,1620 = 1.1; P > 0.2 for both factors) (Fig. 1A). In contrast, 
larval survivorship in S. aegyptius was signifi cantly affect-
ed by both temperature (Wald’s χ21,1025 = 281.4, P < 0.0001) Table 1. Mean (± SD) duration (days) of immature stages of Scan-
tius aegyptius under fi ve constant temperatures and two photo-
periods.
Temperature 
(°С)  Day 
length (h) Eggs n
† n‡ Larvae n‡
Set Real
20 20.3 10 16.8 ± 1.73 8 124 – 0
20.1 16 15.2 ± 0.74 7 121 – 0
22 22.1 10 12.1 ± 1.88 8 109 51.3 ± 2.16 4122.1 16 12.1 ± 0.75 8 123 47.7 ± 2.03 61
24 24.1 10 8.0 ± 1.36 4 54 35.8 ± 0.72 4823.8 16 8.1 ± 0.12 5 83 33.4 ± 2.07 70
26 26.1 10 7.0 ± 0.79 6 136 27.9 ± 1.79 10326.5 16 7.1 ± 0.48 6 109 24.8 ± 1.32 98
28
27.8 10 5.9 ± 0.18 4 69 22.7 ± 1.47 47
27.6 16 5.8 ± 0.34 7 97 23.1 ± 1.15 87
ANCOVA results:
Temperature F1,59 = 664,P < 0.0001
F1,552 = 8018,
P < 0.0001
Photoperiod F1,59 = 2,P = 0.2
F1,552 = 94,
P < 0.0001
†Number of clutches (proper replicates for the egg stage).
‡Number of individuals (egg and larval sample sizes differ because 
of mortality).
Table 2. Mean (± SD) duration (days) of immature stages of Tima-
rcha tenebricosa under four constant temperatures and two pho-
toperiods.
Temperature 
(°С)  Day 
length (h) Larvae n
† Pupae n†
Set Real
14 14.1 12 105.9 ± 8.65 10 36.2 ± 0.56 2
14.2 16 89.3 ± 5.30 12 36.2 ± 0.50 4
18 17.9 12 72.0 ± 5.34 9 23.9 ± 0.62 417.8 16 66.8 ± 9.67 17 23.6 ± 1.14 8
22 21.9 12 54.3 ± 6.20 14 17.5 ± 0.49 422.0 16 45.1 ± 3.20 14 17.0 ± 0.57 9
26
26.1 12 41.1 ± 3.63 3 – 0
26.0 16 39.2 ± 7.03 3 – 0
ANCOVA results:
Temperature F1,79 = 606,P < 0.0001
F1,28 = 1129,
P < 0.0001
Photoperiod F1,79 = 34,P < 0.0001
F1,28 = 0.6,
P = 0.5
†Number of individuals (larval and pupal sample sizes differ be-
cause of mortality).
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and photoperiod (Wald’s χ21,1025 = 16.8, P < 0.0001). Bug 
larvae survived better at temperatures above 22°C, espe-
cially combined with long-day conditions (Fig. 1A), and 
the only adult that emerged at 20°C (one from the Cyprus 
population) did so also under the day length of 16 h.
In T. tenebricosa, temperature and photoperiod infl u-
enced larval survival in a fashion that broadly recurred 
in pupae (Fig. 1B). There was a signifi cant effect of tem-
perature on the postembryonic survivorship (from hatching 
to adult eclosion, Wald’s χ21,241 = 7.5, P < 0.01), such that 
both stages suffered the greatest mortality at the highest 
experimental temperature of 26°C and fared better at the 
three lower temperatures (Fig. 1B). Similar to larvae of S. 
aegyptius, larvae and pupae of the leaf beetle showed sig-
nifi cantly better survival under long-day conditions (from 
hatching to eclosion: Wald’s χ21,241 = 4.3, P < 0.05) (Fig. 
1B).
Immature development
Temperature had a signifi cant effect on the development 
of S. aegyptius eggs and larvae (Table 1) and T. tenebrico-
sa larvae and pupae (Table 2), as expected for ectothermic 
organisms. Temperature-dependent developmental rates 
were well approximated by straight lines over the tem-
perature range studied (Table 3; Fig. 2) with all r2 values 
exceeding 0.98. Photoperiod did not infl uence the slope of 
the temperature-rate relationship in either species (S. ae-
gyptius eggs: F1,59 = 1.8, P > 0.1; S. aegyptius larvae: F1,547 
= 5.3, P > 0.02; T. tenebricosa larvae: F1,78 = 0.05, P > 
0.8; T. tenebricosa pupae: F1,27 = 0.6, P > 0.4; slope and 
intercept values are in Table 3). Egg development rate in 
S. aegyptius and pupal development rate in T. tenebricosa 
were unaffected by photoperiod, but larvae of both species 
developed signifi cantly faster under long-day conditions, 
especially so at lower temperatures (Tables 1 and 2).
Adult body mass
Temperature (F1,552 = 910, P < 0.0001) and photoperiod 
(F1,552 = 32, P < 0.0001) during immature development 
signifi cantly infl uenced adult body mass in S. aegyptius. 
The bugs were heavier at higher temperatures, and short-
day individuals were generally heavier than their long-day 
counterparts (Fig. 3A). The slope of the temperature-mass 
relationship was unaffected by photoperiod (temperature 
by photoperiod interaction: F1,547 = 0.03, P > 0.9) and was 
estimated at 0.098 ± 0.005 and 0.099 ± 0.004 (± SE) under 
short-day and long-day conditions, respectively. The effect 
of temperature on T. tenebricosa body mass was marginal-
ly signifi cant (F1,27 = 910, P = 0.03) and opposite to that in 
S. aegyptius (slope ± SE: –0.015 ± 0.006), while the effect 
of photoperiod was not signifi cant (F1,27 = 0.7, P > 0.4), 
likely because of small sample sizes. However, it is still 
worth noting that, unlike S. aegyptius, T. tenebricosa adults 
from long-day conditions were on average heavier than 
those from the short-day photoperiodic regimen (Fig. 3B).
DISCUSSION
The pyrrhocorid bug S. aegyptius and the leaf beetle T. 
tenebricosa have markedly divergent thermal phenotypes 
that likely refl ect adaptation to different thermal environ-
ments. Our results suggest that S. aegyptius can be desig-
nated as a warm-adapted species, as the larvae survive bet-
ter at temperatures of 22°C and higher (Fig. 1A), the lower 
Fig. 1. Survivorship of immature stages of (A) S. aegyptius and (B) 
T. tenebricosa at different combinations of temperature and photo-
period. Symbols are slightly set apart along the temperature axis 
for clarity. Vertical bars denote binomial SE.
Fig. 2. Linear thermal reaction norms based on the larval develop-
ment of (A) S. aegyptius and (B) T. tenebricosa recorded under 
short-day (10 h or 12 h) and long-day (16 h) photoperiodic condi-
tions. Symbols with bars refer to mean developmental rates ± SD; 
their position on the temperature axis matches actual temperatures 
during the experiments.
Table 3. Linear regression parameters (± SE) for temperature-dependent development in S. aegyptius and T. tenebricosa.
Species and 
developmental stage Day length a (day
–1) b (°С–1 × day–1) Lower temperature threshold (°С)
Sum of degree-days
(°С × day)
S. aegyptius eggs –† –0.2272 0.0143 ± 0.00121 15.9 ± 1.54 70.0 ± 5.94
S. aegyptius larvae 10 –0.0752 0.0043 ± 0.00013 17.6 ± 1.26 233.7 ± 7.1216 –0.0677 0.0041 ± 0.00029 16.7 ± 1.40 246.8 ± 17.83
T. tenebricosa larvae 12 –0.0081 0.0012 ± 0.00005 6.6 ± 2.63 813.2 ± 29.8016 –0.0067 0.0013 ± 0.00012 5.3 ± 2.97 794.0 ± 78.03
T. tenebricosa pupae –† –0.0289 0.0040 ± 0.00005 7.3 ± 2.24 251.6 ± 3.19
† Data from two photoperiodic regimens combined.
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thresholds for immature development range from 15.9 to 
17.6°C (Fig. 2A, Table 3) and a larger body mass is at-
tained at higher temperatures (Fig. 3A). By contrast, T. ten-
ebricosa survives better at temperatures of 22°C and cooler 
(Fig. 1B), its lower thresholds for development range from 
5.3 to 7.3°C (Fig. 2B, Table 3) and adult body mass in-
creases with decreasing developmental temperature (Fig. 
3B). In spite of all these differences, the photoperiodic 
plasticity of larval developmental rate is essentially identi-
cal, i.e., in both species long-day photoperiod accelerates 
larval development over the whole temperature range stud-
ied (Fig. 2). Differences in the slopes of the thermal reac-
tion norms between photoperiods are minor, indicating a 
disproportional effect on developmental rates. In fact, the 
developmental response to long-day conditions is stronger 
at the lowest experimental temperature in both species (7.0 
and 15.7% acceleration in S. aegyptius and T. tenebricosa, 
respectively) than it is at the highest temperature (–1.9% 
and 4.6%, respectively; note that the response is slightly 
reversed in the former species). Also, the photoperiodic 
control of body mass in S. aegyptius and T. tenebricosa 
seem to have opposite patterns (Fig. 3), but statistical sup-
port for this conclusion is limited.
The main question is whether S. aegyptius and T. ten-
ebricosa, two species from the easternmost parts of the 
Mediterranean region, have evolved this photoperiodic 
developmental plasticity in response to the same seasonal 
constraint. In other words, does the long-day acceleration 
of larval development in S. aegyptius play the same eco-
logical role as it does in T. tenebricosa?
Acceleration of development and/or growth by long-day 
photoperiods seems to be the prevalent pattern as it occurs 
in almost two thirds of cases (58 out of 92) listed in Beck 
(1980) and Danks (1987). It remains to be clarifi ed, how-
ever, whether this is a long-day acceleration or short-day 
retardation. As both fast and slow development may incur 
fi tness costs (Fordyce & Shapiro, 2003; Dmitriew, 2011), 
discussing photoperiodic effects in terms of acceleration 
and retardation naturally raises the question of whether in-
sects ever develop at a balanced rate, without speeding up 
or slowing down. A closer look at these 58 cases reveals 
that relatively slow larval development caused by short-
day conditions is usually immediately followed by larval 
diapause (either obligatory or induced by the same photo-
period – 32 cases in total) or larval quiescence (further nine 
cases). Another fi ve cases are moth caterpillars that enter 
short-day or obligatory diapause as pupae and may already 
be committed to diapause in the larval stage. Evidence for 
the presence of diapause or quiescence in these insects is 
quite often provided by the authors of these studies; alter-
natively, this topic is at least briefl y discussed, and further 
information can be found in referenced works. What re-
mains is just 12 cases where long-day conditions acceler-
ate active larval development, i.e., development that would 
otherwise proceed without a notable interruption, only at a 
slower pace.
Thus, if a short-day photoperiod slows down immature 
development and this is followed by a full developmental 
arrest (diapause), as is often the case, it seems inappropri-
ate to say that a long-day photoperiod accelerates develop-
ment because it is exactly under long-day conditions that 
unhurried, yet uninhibited, development takes place. Such 
quantitative photoperiodic effects on developmental rate 
may be diffi cult to disentangle from qualitative responses 
(i.e., diapause) because there are problematic intermedi-
ate states between active development and diapause and 
numerous forms of diapause itself which are notoriously 
diffi cult to categorize (Danks, 1987). However, distinction 
must be made between different kinds of photoperiodically 
induced “acceleration” in order to avoid combining unre-
lated phenomena.
True long-day acceleration of development, which is not 
causally linked to short-day induction of diapause, is there-
fore rather uncommon, perhaps in part owing to the fact 
that most insects studied in terms of photoperiodism come 
from relatively high latitudes. As far as we are aware, ex-
amples of long-day acceleration of insect development that 
have been discovered so far include (but most certainly are 
not limited to) the following.
In the experiments carried out at a single temperature, 
long-day photoperiods accelerate larval development in a 
number of true bugs and other insects from the Mediter-
ranean region and other relatively warm climates (Zohdy 
& Abou-Elela, 1975; El-Helaly et al., 1977; Abdel-Malek 
et al., 1982; He, 2000; Ishihara, 2000; Mansfi eld et al., 
2007; Bahşi & Tunç, 2008; Wang et al., 2013; Zerbino et 
al., 2014; Pazyuk & Reznik, 2016). It is worth noting, how-
ever, that all of the populations studied are multivoltine or 
at least bivoltine. Some of these insects can even develop 
without diapause all year round and are widespread serious 
pests in the tropics, namely, the cowpea aphid Aphis crac-
civora (Abdel-Malek et al., 1982), Egyptian cottonworm 
Spodoptera littoralis (Zohdy & Abou-Elela, 1975) and 
silverleaf whitefl y Bemisia tabaci (El-Helaly et al., 1977).
Studies that involve several combinations of temperature 
and photoperiod are more informative and reveal a great-
er diversity of responses. Two multivoltine species from 
Egypt, the bug Nezara viridula (Ali & Ewiess, 1977) and 
Fig. 3. Adult body size (natural log-transformed) in (A) S. aegyp-
tius and (B) T. tenebricosa after rearing at different combinations 
of temperature and photoperiod. Symbols with bars refer to body 
mass values ± SD; their position on the temperature axis matches 
actual temperatures during the experiments.
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the lady beetle Epilachna chrysomelina (Ali & El-Saeady, 
1981), develop faster under long-day than under short-day 
conditions at all the temperatures tested. This quantitative 
photoperiodic response in N. viridula is especially similar 
to that in S. aegyptius because the infl uence of photoperiod 
is also more pronounced at lower temperatures, whereas in 
E. chrysomelina, the long-day acceleration is more or less 
proportional over the temperature range studied.
The green lacewing Chrysopa pallens, which is trivolt-
ine in the temperate zone of European Russia, also exhibits 
long-day acceleration over the whole temperature range 
studied, while the partially bivoltine C. phyllochroma 
shows a weaker but essentially the same photoperiodic 
response (Blumental, 1996; Volkovich & Orlova, 1998). 
Again, the photoperiodic effect is relatively stronger at 
lower temperatures.
May the emerging link between voltinism and long-day 
acceleration of development be merely a coincidence? 
Studies of different populations of the same species are par-
ticularly helpful in this regard. In the cricket Dianemobius 
fascipes, larval development at 27°C (the only temperature 
tested) is accelerated by short-day photoperiods in north-
ern univoltine populations and by both short- and long-day 
(as opposed to intermediate) photoperiods in southern bi-
voltine populations (Masaki, 1972). The northern, partially 
bivoltine population of the bug Dolycoris baccarum exhib-
its slightly faster development under short-day conditions, 
in contrast to the southern trivoltine population where the 
long-day photoperiod accelerates larval development at all 
the temperatures tested (Nakamura, 2003). Finally, north-
ern populations of the fi rebug Pyrrhocoris apterus exhibit 
long-day acceleration of development at high, but not low, 
temperatures because of a strong temperature-photoperiod 
interaction, whereas in the southern population, a long-day 
photoperiod accelerates development at all temperatures 
but one (Lopatina et al., 2007).
Thus, long-day acceleration of immature development 
is more pronounced in populations from warmer climates 
and seems to facilitate the completion of additional gen-
erations during summer in potentially multivoltine species, 
including S. aegyptius. This explanation is irrelevant to 
T. tenebricosa, as its life cycle takes one year, at the very 
least. There are, however, a few examples of long-day ac-
celeration in insects with similar seasonal activity.
Larval development of the noctuid moth Phlogophora 
meticulosa in France takes place during winter and spring 
and its rate of development is faster under long-day condi-
tions over the whole favourable temperature range, which 
is remarkably similar to that in T. tenebricosa: the lower 
temperature threshold of 5°C and almost 100% mortality at 
25°C (Bues & Poitout, 1980). In a similar vein, immature 
stages of the winter-active rove beetle Quedius pellax from 
the Pacifi c coast of North America have lower tempera-
ture thresholds around zero and die at 20°C, while larval 
development is also faster under a long-day photoperiod 
(Topp & Smetana, 1998). Besides, long-day acceleration 
of development is observed at all temperatures tested in 
post diapause larvae of Odonata (Shepard & Lutz, 1976; 
Norling, 1984,) and Lepidoptera (Sugiki & Masaki, 1972; 
Gotthard et al., 1999, 2000), which resume development in 
early spring.
Thus, even though the photoperiodic responses during 
immature development are superfi cially similar in S. ae-
gyptius and T. tenebricosa, their ecological roles seem to 
be different. In the former species, relatively faster devel-
opment under long-day conditions seems to be advanta-
geous because it will ensure the completion of an additional 
generation in summer. By contrast, in winter- and spring-
active species, such as T. tenebricosa, this reaction may 
help to avoid unfavourably high summer temperatures. A 
feature common to both cases is that long-day acceleration 
of immature development eventually reduces heterogene-
ity in adult emergence times.
It is also worth noting that the quantitative photoperi-
odic response can be disproportionately stronger at lower 
or higher temperatures, which is true of both the species 
studied by us and the majority of previously published 
cases. Although, for the sake of simplicity, we have only 
discussed a change in absolute developmental rate (accel-
eration) as the most apparent response, it should be borne 
in mind that photoperiod often changes the degree of ther-
mal plasticity of developmental rate, which may have an 
adaptive value of its own.
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